ABSTRACT In order to improve the steering stability of a four in-wheel motor independent-drive electric vehicles (4MIDEVs) on a road with varying adhesion coefficient, such as on a joint road and a µ-split road, this paper presents a hierarchical electronic steering control (ESC) strategy. The upper level controller of the proposed ESC strategy achieves the adaptive control of the yaw rate and sideslip angle in the direct yaw-moment control based on the influence of road adhesion. The lower level controller is designed as a twohierarchy structure, which can adaptively change the torque allocation algorithm and achieve different weight controls of each wheel torque according to road adhesion coefficient. The results of real-time simulation conducted in the RT-LAB testing platform and a real-car test indicate an improvement in the steering stability of the 4MIDEV on a road with varying adhesion coefficient. Particularly the ''double lane change'' testing carried out on a joint road and a µ-split road shows a yaw rate error reduction of up to 55.1%, compared with the ordinary control strategy, with output torque and its fluctuation of each in-wheel motor significantly reduced.
I. INTRODUCTION
With the development of motor-integration technology, a new distributed-drive electric vehicle platform with four motors integrated into wheel hubs emerged, known as a four in-wheel-motor independent-drive electric vehicle (4MIDEV) [1] - [3] . For the 4MIDEV, the traction / braking torque of each wheel hub can be quickly and accurately controlled, which makes it possible to achieve better vehicle dynamic performances [4] . The 4MIDEV platform, especially its electronic stability control (ESC) strategy design, has attracted a lot of attention from researchers.
A great deal of valuable work has been done on the 4MIDEV's ESC strategy, and proved to be effective to improve the steering stability of 4MIDEV under constant adhesion coefficient [5] - [12] . Nevertheless, few studies could achieve adaptive changes to different adhesion coefficients but only focus on how to satisfy the constraints of The associate editor coordinating the review of this manuscript and approving it for publication was Zhiguang Feng. road adhesion. In addition, the verification of the strategy is always neglected when there is a change in the adhesion coefficient. As the traffic conditions become more and more complex, in order to ensure a better steering performance, it is necessary to investigate a new ESC strategy adaptive to road adhesion coefficient.
In general, the ESC strategy for 4MIDEV is usually designed as a hierarchical structure, including an upper-level controller to generate the virtual control command, and a lower-level controller to allocate the command to the motor drive control units [5] . In the upper-level controller, the direct yaw-moment control (DYC) has been widely adopted [5] - [8] , where the sideslip angle and the yaw rate are always selected as the control targets [6] - [13] . The integrated control of the sideslip angle and yaw rate is the focus of steering stability control, especially on the road with varying adhesion coefficient. Guangcai et al. [14] used the method of ''feedforward + feedback'' to achieve control of the yaw rate based on the sideslip angle, thus ensuring a more accurate control of the yaw rate. Nam et al. [15] took into account the influence of sideslip angle in the feedforward controller to achieve better control of the yaw rate. Zhai et al. [16] investigated the influences of both the yaw rate and the sideslip angle in the fuzzy controller. Hu et al. [17] realized the integrated control of the active front-wheel steering and DYC to better follow the yaw rate and further studied it in [18] . In these studies, the simulation and experimental results indicated that the proposed DYC methods achieved a good control effect to combine the impacts of sideslip angle and yaw rate. However, the influence of adhesion coefficient was seldom considered in the DYC. The impacts of these two quantities on the steering stability are usually different under different adhesion coefficients. There is a need for a DYC upper-level controller to realize adaptive control of these two quantities, so as to guarantee good steering stability of the vehicle.
In the lower-level controller, the torque optimal allocation algorithm becomes the first choice compared with average allocation, dynamic load allocation, etc. [19] - [21] , where the tire workload usages of four wheels have been widely selected as the main optimization target for steering stability. Zhai et al. [16] chose the tire workload usages as the optimization target in torque allocation, and the stability indexes of the vehicle were improved. Lin and Xu [22] chose both the tire workload usages and power as targets, and finally solved the multi-objective optimization to ensure energy savings while maintaining vehicle stability. Zhang et al. [7] and Li et al. [23] took into account the longitudinal force control error and tire workload usages in the allocation algorithm to ensure the accuracy of the control. In these studies, the steering stability of the vehicle under constant road adhesion coefficient was improved to some extent, but the changes in road adhesion coefficient were neglected in the torque allocation. The tire workload usage of each wheel was always treated equally regardless of different adhesion conditions at each wheel, which may cause a specific wheel experiencing severe load with other wheels remained in relative high adhesion margin. A new lower-level controller is required to adaptively change the allocation method according to road adhesion coefficient.
In order to solve the above problems, this paper proposes a new hierarchical ESC strategy for the 4MIDEV. Different from [24] - [26] , the proposed strategy fully considers the nonlinear dynamic characteristics of vehicles, especially the coupling of vehicle motions and additional effects of adhesion coefficient. In addition, good real-time performance is also guaranteed. The main contributions of this study lie in the following aspects: (1) the integrated control of the yaw rate and sideslip angle is realized in the upper-level controller, where their different effects under different adhesion coefficients are also considered to guarantee a good control effect; (2) a twohierarchy structure is developed for the lower-level controller, rather than a traditional single-hierarchy one, which can adaptively switch the control hierarchy to suit different adhesion coefficients. In addition, the torque allocation algorithm of each hierarchy can realize different weight control of each wheel torque according to different adhesion conditions of each wheel.
The organization of this study is as follows: The ESC strategy for the 4MIDEV is designed in Section II. In Section III, the proposed ESC strategy is evaluated by the real-time simulation conducted in RT-LAB testing platform. The real-car test for the ESC strategy is described in Section IV. Finally, the conclusions are summarized in Section V.
II. DESIGN OF STEERING STABILITY CONTROL STRATEGY FOR THE 4MIDEV
The ESC strategy proposed for the 4MIDEV is designed as a three-level structure, as shown in Fig. 1, including 
A. REFERENCE MODEL LEVEL
Ignoring the pitch and roll motions, the vehicle has three degrees of freedom (DOFs) for longitudinal motion, lateral motion, and yaw motion. A schematic of the vehicle model is shown in Fig. 2 . The dynamic equations can be expressed as
where m denotes the mass of the vehicle, I z denotes the yaw inertia of the vehicle,V x andV y are respectively the derivative of the longitudinal velocity V x and the lateral velocity V y . γ is the yaw rate, andγ is the derivative of γ . F x , F y , and M z are the longitudinal force, lateral force and yaw moment of the vehicle respectively, which can be represented by the summation of the ground forces generated at all the four tires.
where F xij and F yij respectively are the longitudinal and lateral forces of the respective wheels, where i ∈ {f , r} denotes the front or the rear, j ∈ {l, r} denotes the left or the right. a and b denote the distances between the center of gravity and the front axle and rear axle, respectively.
In order to reflect the driver's steering intention directly and clearly, the 3-DOF dynamic model is simplified to 2 DOFs as the reference model to obtain desired dynamics parameters, i.e., the yaw rate and sideslip angle. The kinetic equations can be expressed as follows [27] :
where F yf and F yr denote the lateral tire forces of the front and rear wheels,γ andβ are the derivatives of the yaw rate γ and the sideslip angle β, respectively; δ f is the frontwheel steering angle. The target values of yaw rate γ and sideslip angle β are obtained after ignoring the system transient characteristics:
where
, K f and K r denote the front and rear tire cornering stiffness, respectively, and l is the wheelbase. Considering the nonlinear characteristic of the tire, the above values should be limited according to the road adhesion [16] .
Then, the desired yaw rate and sideslip angle can be formulated as follows:
For the longitudinal motion of the vehicle, the desired speed is usually calculated by the following formula in the previous studies.
where V 0 denotes the initial speed, and a xm is the longitudinal acceleration which is obtained from the signal of the acceleration/brake pedal. However, when the road adhesion coefficient changes, especially sharply decreases, the vehicle may be unstable due to an excessively large speed. Therefore, the vehicle states should be further considered in the calculation of V x−des . Considering that the value of the sideslip angle reflects VOLUME 7, 2019 the steady state of the vehicle, the desired speed can be redesigned as follows
where k is the weight coefficient associated with sideslip angle.
where β * lim = tan −1 (0.025µg), which denotes the sideslip angle when the vehicle approaches instability on high adhesion road. Although it is more reasonable to calculate k in a more precise way, considering the computational cost and real-time performance, this paper simplifies it into a linear relationship.
B. UPPER-LEVEL CONTROLLER
The upper-level controller is composed of a speed tracking controller and a yaw moment controller, as shown in Fig. 1 , which generates traction force and yaw moment command to control the longitudinal and lateral motions of the vehicle separately.
1) SPEED TRACKING CONTROLLER
The speed tracking controller takes the vehicle speed as the control variable, in which the sliding mode control is used to get the desired traction force, so as to meet the driving demand. The sliding surface is defined as:
where e v = V x − V x−des . Introducing the saturation function sat (.), the reaching law is formulated as:
By combining (10) and (11), the traction force can be obtained:
2) YAW MOMENT CONTROLLER
In previous studies, the sideslip angle and yaw rate are usually selected as the control targets of the yaw moment controller. Some studies focus on the control of the sideslip angle, which compute a reasonable yaw moment, here denoted by M β , to make the actual sideslip angle follow its desired value.
A good steering stability of the vehicle is ensured in this way, but the maneuverability turns bad. On the contrary, some studies control the yaw rate by the yaw moment M γ to obtain good maneuverability, but the stability of the vehicle is difficult to guarantee. To achieve the integrated control of the sideslip angle and yaw rate, the yaw moment should be a tradeoff between M β and M γ , such as:
FIGURE 3. Structure of the yaw moment control. At present, there are many literatures on the calculation of the weight coefficient χ, but the obtained χ often does not consider the different influences of the sideslip angle and the yaw rate on the steering stability under different adhesion coefficients. To realize the comprehensive control of these two quantities adaptive to road adhesion, this paper further analyzes and considers the weight coefficient χ in a fuzzy controller, as shown in Fig. 3 , the inputs of which are the adhesion coefficient µ and the weight coefficient k. The fuzzy rules are shown in the Table 1 , where seven fuzzy sets are defined including negative big (NB), negative moderate (NM), negative small (NS), zero (Z), positive small (PS), positive moderate (PM), and positive big (PB). The main principles of rulemaking are: 1) when µ and k are large, i.e. the margin of stability and longitudinal acceleration is large, the vehicle maneuverability should be a priority; 2) when µ and k are smaller, the vehicle stability should be mainly ensured; 3) when µ and k are too small, only the steering stability should be considered. The computation of the yaw moments M β and M γ have been thoroughly explored in previous studies. Taking into account the control accuracy and calculation cost, the fuzzy PID control is adopted in this paper, as shown in Fig. 3 . Taking M γ as an example, the input of the fuzzy PID controller is the error of the yaw rate and its derivative. The fuzzy rules are shown in the Fig. 4 , where k p , k i , and k d are the adjustment amounts of the proportional, integral and differential coefficients in the controller, respectively.
The integrated control of yaw rate and sideslip angle based on their different impacts is beneficial to improve the steering stability of 4MIDEV under different road adhesion coefficients.
C. LOWER-LEVEL CONTROLLER
The lower-level controller optimally assign the virtual force command, i.e., the traction force and the yaw moment, to the four motor controllers as driving/brake torque. The relationship between the lower-level controller and the upper-level controller can be formulated as follows
where F x−des and M z−des denote the desired traction force and yaw moment, respectively, and d is the half of tread width. In order to make the 4MIDEV better adapt to changes in adhesion coefficient, the lower-level controller, as shown in Fig. 5 , is designed as a two-hierarchy structure which can adaptively change the torque allocation algorithm and achieve different weight control of each wheel torque according to road adhesion coefficient. 
1) FIRST-HIERARCHY STRUCTURE
The first-hierarchy structure adopts the optimal allocation algorithm and selects the tire workload usages as the main optimization target to reflect the steering stability of the 4MIDEV. The tire workload usage can be formulated as
The smaller the tire workload usages, the more stable the vehicle [16] , [28] . In addition, since the adhesion coefficient at each wheel may not be the same, it is necessary to achieve different weight control of each wheel torque, so as to avoid specific wheel experiencing severe load with other wheels remained in relative high adhesion margin. The firsthierarchy structure can be described as follows
The w ij denotes the weight coefficient of each tire workload usage, which serves to ensure maximum tire adhesion margin and approximately equal tire workload usage of each wheel during torque allocation, which can be formulated as:
The constraints of (17) can be described as
where u lim + and u lim − denote the upper and lower limits of u. VOLUME 7, 2019 2) SECOND-HIERARCHY STRUCTURE
The second-hierarchy structure is basically similar to the first-hierarchy structure. Nevertheless, in order to take full advantage of the adhesion forces provided by the ground, the weight coefficient of each tire workload usage is adjusted as
In addition, the equality constraint in the first-hierarchy structure is converted as a penalty function into the optimal objective to reduce constraint intensity of the control error. The optimization objective function of the second-hierarchy structure can be described as
where ξ is a weight factor indicating the degree to which the virtual control command is satisfied, W v denotes the distribution weight matrix, 2 = diag p 1/2 ij µ ij F zij . The (21) can be reformulated in standard form:
The above optimization problem can be solved by the active set method. Taking a single wheel for mechanical analysis, the following formula can be obtained by Newton's law:
whereω ij denotes the wheel angle acceleration, J c denotes the moment of inertia, R w denotes the rolling radius, and T ij is the output torque of each wheel.
3) SWITCHING CRITERIA
As a result of the changes in the road adhesion coefficient, the equivalent force of each tire is more likely to exceed the limit of the maximum road adhesion. Therefore, the friction ellipse constraint should be considered in the process of torque allocation. However, if the friction ellipse constraint is directly regarded as the inequality constraint for optimal allocation, the solving difficulty and time of the allocation will be greatly increased due to its nonlinear characteristics. In this paper, the friction ellipse constraint is designed as the two-hierarchy switching criteria.
where F zij denotes the vertical load on the corresponding wheel, and µ ij is the adhesion coefficient which can be estimated from the tire-road adhesion coefficient estimator designed in [29] . The tire lateral forces F yij can be computed from the tire model. In order to improve the real-time performance of the system, this paper uses the simplified tire model [30] to characterize the relationship between the tire lateral force and tire slip angle at steady state:
where α ij and K αij denote the slip angle and lateral stiffness of each tire, respectively. Above all, the working process of the lower-level controller can be summarized as follows: 1) First, the first-hierarchy structure will work to complete the initial optimization of the torque allocation. 2) Then the optimal results of the first-hierarchy structure will be substituted into the switching criteria to judge whether the friction ellipse constraint is satisfied. If this criteria is satisfied, the results will be adopted for torque allocation to ensure approximately equal tire workload usage. 3) If there is no feasible solution to the optimization problem or the feasible solution exceeds the friction ellipse constraint, the algorithm will be switched to the second-hierarchy structure. The optimal results of the secondhierarchy structure will be adopted for torque allocation to take full advantage of the adhesion forces provided by the ground.
III. REAL-TIME TESTING ANALYSIS
The proposed ESC strategy for the 4MIDEV was first implemented in a Matlab/Simulink control model and a CarSim vehicle model to initially verify its feasibility. Then a RT-LAB testing platform, as shown in Fig. 6 , was developed for real-time testing to further verify the ESC strategy.
In order to further prove the improvement of the vehicle stability on a road with varying adhesion coefficient, the stability control strategy proposed in this paper, referred to as ''adaptive control,'' was compared with other two stability control strategies, referred to as ''ordinary control'' and ''speed control.'' The speed control focuses only on the regulation of longitudinal speed, regardless of steering stability. The ordinary control adopts the common linear quadratic regulator (LQR) controller, whose optimization objective can be formulated as:
Q is a weight matrix reflecting the control priority of the sideslip angle and yaw rate, and R = diag 1/µ ij F zij . All the strategies were evaluated at closed-loop doublelane-change (DLC) maneuver carried out on the joint road and µ-split road, as shown in Fig. 7 . The parameters of the vehicle and in-wheel motors used in this study are presented in Table 2 . 
A. JOINT ROAD
The DLC maneuver testing was firstly conducted under a constant speed of 60 km/h. The adhesion coefficient of the road, as shown in Fig. 8 (a) , is initially set to 0.75 to simulate the standard asphalt road, and suddenly becomes 0.2 when the vehicle travels to the middle of the DLC maneuver, that is, when the vehicle travels from the starting point of 105 m. The dynamic responses of the vehicle under different stability control strategies are shown in Fig. 8 (b-i) . Fig. 8 (b) and 8 (c) shows the track and speed responses, respectively. It can be seen that all strategies could guarantee the desired trajectory and speed in the first half of the path, but the control effect began to deteriorate to different degrees after the abrupt change of adhesion coefficient. Compared with the other two controls, adaptive control performs best in ensuring trajectory and speed tracking with less deviation and fast response. In contrast, the track and speed responses under the speed control fluctuated greatly and tended to be unstable.
The responses of the yaw rate and sideslip angle are shown in Fig. 8 (d) and 8 (e) , respectively. Although the adhesion coefficient has changed, the adaptive control could effectively suppress the disturbance and guarantee the follow-up of the yaw rate and the sideslip angle. The average error of these two quantities was reduced by 43.8% and 87.5%, respectively, compared to that under the ordinary control, which indicates that the adaptive control achieves the best stability control effect. Fig. 8 (f) shows the sideslip angle and sideslip angle rate in the phase plane. The closer the curve is to the origin, the better the stability of the vehicle [31] , [32] . The phase-plane plot of adaptive control is most centralized to the origin, which means the stability control effect is best. Fig. 8 (g-i) show the torque of each in-wheel motor under the speed control, ordinary control, and adaptive control, respectively. It can be seen that the adaptive control, compared with the other two controls, realized different weight control of each wheel torque to suit different adhesion coefficients. Some wheels have reversed to ensure the desired lateral motion. The average output torque under adaptive control is slightly increased compared to ordinary control, but is greatly reduced compared to the speed control.
B. µ-SPLIT ROAD
In the testing of the µ-split road, the DLC maneuver was conducted with a constant speed at 60 km/h, in which the adhesion coefficient of the road surface is initially set to 0.75 and suddenly becomes 0.75 on one side and 0.1 on the other side when the vehicle travels to the middle of the DLC maneuver, as shown in Fig. 9 (a) . The dynamic responses of the vehicle under different stability control strategies are shown in Fig. 9 (b-i) . Fig. 9 (b) and 9 (c) show track and speed responses of the vehicle under aforementioned strategies, respectively. All the strategies could basically ensure the trajectory and speed following. Compared with other controls, the adaptive control has effectively suppressed the external interference and achieved the best control effect with the shortest time required for stabilization. In addition, the effect of ordinary control was not much improved compared to speed control. Fig. 9 (d) and Fig. 9 (e) respectively show the yaw rate and sideslip angle of the vehicle. The sideslip angle and yaw rate under the aforementioned strategies began to deviate from the expected value after the vehicle entered the µ-split road. Nevertheless, the adaptive control strategy showed good adaptability to changes in the adhesion coefficient with minimal control error. The average errors of the yaw rate and the sideslip angle are reduced by 55.1% and 72.7%, respectively, compared to the ordinary control. Fig. 9 (f) shows the sideslip angle and sideslip angle rate in the phase plane, where the curve of adaptive control is completely inside the curve of ordinary control and speed control, showing the best stability control effect. Fig. 9 (g-i) show the torque of each in-wheel motor under the speed control, ordinary control, and adaptive control, respectively. The adaptive control, compared with other controls, effectively reduced the peak value and fluctuation of output torque, which not only benefits stability but also facilitates driving comfort and energy saving. In addition, a more even torque distribution avoids specific wheel experiencing severe load with other wheels remained in relative high adhesion margin, allowing full use of road adhesion. 
IV. EXPERIMENT ANALYSIS
In order to further verify the proposed ESC strategy, a test bench for motor performance, as shown in Fig. 10 (a) , was first established to test the torque, power and efficiency of the in-wheel motor. The motor characteristics under rated conditions are shown in Fig. 10 (b) . A 4MIDEV platform was then built for the real-car test, as shown in Fig. 11 . The 4MIDEV platform is driven by four permanent magnet synchronous external-rotor in-wheel motors. The battery pack consists of 12 sets of 12V lead-acid batteries with a series battery voltage of up to 144 V. The motor controllers are placed on the front and rear of the vehicle, and connected to the switch and battery package via a power cable. The ESC is compiled into C codes to the vehicle stability controller, which communicates with the host computer in real time via the CAN bus. The driver's input, namely the steering wheel angle and acceleration/brake pedal angle, can be measured by the steering wheel angle sensor and the pedal angle sensor, respectively. Some states of the vehicle motion can be measured directly by sensors, such as yaw rate and longitudinal/ lateral acceleration, and others need to be estimated by corresponding methods. The nonlinear full-order vehicle observer proposed in [33] is adopted in this paper to estimate velocity and sideslip angle.
Considering that extreme conditions in Section III are rare in practice, we only performed part of the DCL maneuver on the joint road with a constant speed at 60 km/h in the realcar test, as shown in Fig. 12 , and the adhesion coefficient is changed from 0.75 in the middle to 0.2. As can be seen from Fig. 12 (b) , the vehicle starts from a high-adhesion road surface and then enters the joint road. The low-adhesion road surface is a copper sheet with water on it, and the adhesion coefficient is about 0.2. The test results after filtering are shown in Fig. 13 . Fig. 13 (a) and Fig. 13 (b) respectively show the sideslip angle and the yaw rate of the vehicle under aforementioned control strategies. Although both the slip angle and the yaw rate under two strategies deviated from the expected values after the change of the adhesion coefficient, the adaptive control, compared with ordinary continuous control, could effectively reduce the errors and quickly stabilize the vehicle.
V. CONCLUSION
In this paper, a new ESC strategy adaptive to the road adhesion coefficient is proposed for the 4MIDEV. The upperlevel controller realizes the integrated control of the yaw rate and sideslip angle, where their different effects under different adhesion coefficients are also considered. It allows the 4MIDEV to better adapt to changes in adhesion coefficient. The lower-level controller is designed as a two-hierarchy structure with the friction ellipse as the switching criteria, which can adaptively change the torque allocation algorithm and achieve different weight control of each wheel torque according to the road adhesion coefficient.
The proposed ESC strategy was evaluated in the real-time simulation conducted in RT-LAB testing platform and a realcar test. The results indicates that the proposed strategy can improve the steering stability and maneuverability of the vehicle in the face of a road with varying adhesion coefficient. The error of the yaw rate and sideslip angle can be reduced by 55.1% and 87.5% at most, with the output torque and its fluctuation of each motor significantly reduced.
Although the proposed strategy has achieved good control effects, when the estimation accuracy of the adhesion coefficient is poor, the control effect will be differently deteriorated. In the following work, the control strategy will be further studied to accommodate poor estimation accuracy. In addition, a real-car experiment at high speed will be also performed to further verify the effectiveness of the strategy.
RUFEI HOU received the B.S. degree in automotive engineering from the Beijing Institute of Technology, Beijing, China, in 2017, where he is currently pursuing the M.S. degree in mechanical engineering.
His research interests include vehicle system dynamics and control, and modeling and control of the ESP systems of four hub-motor independentdrive electric vehicles. He is currently an Automotive Engineer with BAIC BJEV Inc., Beijing. His research interests include system dynamics control of electric vehicles and modeling of the battery management systems of electric vehicles.
YUHAN HOU received the B.S. degree in automotive engineering from the Beijing Institute of Technology, Beijing, China, in 2018, where he is currently pursuing the M.S. degree in mechanical engineering.
His research interests include vehicle system dynamics, and trajectory planning and following.
GUIXING HU received the B.S. degree in automotive engineering from the Beijing Institute of Technology, Beijing, China, in 2018, where he is currently pursuing the M.S. degree in mechanical engineering.
His research interests include electromagnetic compatibility of EV and wireless power transfer systems. VOLUME 7, 2019 
